Tobamovirus replicase proteins, which function in replication and gene expression, are also implicated in viral cell-to-cell and long-distance movement. The role(s) of Tobacco mosaic virus (TMV) 126-/183-kDa replicase protein in the complex movement process are not understood due to lack of systems that can separate the multiple steps involved. We previously developed a bipartite TMV-defective RNA (dRNA) system to dissect the role of the N-terminal methyltransferase (MT) domain in accumulation and cell-to-cell movement of dRNAs [Knapp, E., Danyluk, G.M., Achor, D., Lewandowski, D.J., 2005. A bipartite Tobacco mosaic virus-defective RNA (dRNA) system to study the role of the N-terminal methyltransferase domain in cell-to-cell movement of dRNAs. Virology 341, 47-58]. In the current study we analyzed longdistance movement of dRNAs in the presence of helper virus in Nicotiana benthamiana. dRNAs expressing ∼50% of the MT domain (ΔHinc151) moved long-distances in more than half of the plants. dRNAs expressing ∼ 90% of the MT domain sequences (ΔCla151) predominantly failed to accumulate in upper leaves. The helper virus moved systemically when inoculated alone or with a dRNA. In inoculated leaves, more ΔHinc151-induced infection foci spread adjacent to class V veins compared to those of ΔCla151. Consequently, ΔHinc151 infected more class V veins than ΔCla151. ΔCla151 was only detected in bundle sheath cells, whereas ΔHinc151 could accumulate in bundle sheath and phloem parenchyma cells of class V veins. However, the latter accumulation pattern did not always result in systemic accumulation of ΔHinc151, suggesting that factors in addition to those affecting cell-to-cell movement played a role in long-distance movement.
Introduction
Coordination of plant development is achieved through directed trafficking of signals including RNAs, ribonucleoprotein complexes and proteins. Exploration of such pathways started with and continues to rely on plant viruses as model systems. Like endogenous macromolecules, plant viruses move from cell to cell through plasmodesmata and long distances through phloem tissues (reviewed in Boevink and Oparka, 2005; Derrick and Nelson, 1999; Ding et al., 1999; Lucas et al., 1993; Nelson and Citovsky, 2005; Oparka and Santa Cruz, 2000; Waigmann et al., 2004; Zambryski and Crawford, 2000) . Although plant viruses have evolved different movement strategies, all require the assistance of one or more viralencoded proteins (reviewed in Morozov and Soloyev, 2003; Revers et al., 1999; Waigmann et al., 2004) .
Tobacco mosaic virus (TMV) is a model to study viral protein/RNA transport in plants (reviewed in Citovsky, 1999; Tzfira et al., 2000; Waigmann et al., 2004) . TMV is a (+)RNA virus with a monopartite genome 6395 nucleotides (nts) in length (Goelet et al., 1982) that encodes four proteins. The 126-kDa protein is translated from the first ORF; readthrough of the amber stop codon terminating this ORF gives the 183-kDa protein (Pelham, 1978) . Sequence homology comparisons have identified methyltransferase-(MT) and helicase-like (HEL) domains separated by a non-conserved region in the 126-kDa protein; while the readthrough portion of the 183-kDa protein contains the polymerase (POL) domain (Ahlquist et al., 1985; Kadaré and Haenni, 1997; Koonin and Dolja, 1993; Merits et al., 1999; O'Reilly and Kao, 1998; Rozanov et al., 1992) . The 126-and 183-kDa replicase proteins are required for efficient replication in protoplasts (Ishikawa et al., 1991; Lewandowski and Dawson, 2000; Meshi et al., 1987) . The MP and CP, which are dispensable for replication, are expressed via individual 3′-co-terminal subgenomic RNAs from the 3′-proximal ORFs. The MP is essential for cell-to-cell and phloem-dependent longdistance movement of TMV in all hosts (Deom et al., 1992; Meshi et al., 1987) . However, the CP is dispensable for both forms of TMV movement in Nicotiana benthamiana, but is required for long-distance movement in other hosts (Dawson et al., 1988; Saito et al., 1990; Simon-Buela and Garcia-Arenal, 1999; Spitsin et al., 1999; Wolf et al., 1989) .
Class V veins, which constitute the majority of veins in mature leaves (Ding et al., 1996) , are suitable models to study transition from cell-to-cell to phloem-dependent long-distance movement because they are the least complex among the different vein classes. They are composed of long bundle sheath cells with phloem consisting of phloem parenchyma, companion cells and sieve elements. Free RNA or uncapsidated TMV mutants fail to move long-distances in N. tabacum. Both mutants accumulate in phloem parenchyma, but only uncapsidated TMV enters companion cells although more rarely than wild-type TMV. Thus, the TMV CP might function at the interfaces of phloem parenchyma/companion cell and companion cell/sieve element for long-distance movement (Ding et al., 1996) .
A growing body of evidence suggests that the replicase proteins also function in viral movement (Atabekov et al., 1999; Deom et al., 1997; Goregaoker et al., 2001; Watanabe, 2001, 2003; Knapp et al., 2005; Nelson et al., 1993; Traynor et al., 1991) . Within a TMV infected cell, replicase proteins, MP and viral RNA are components of amorphous proliferations of the endoplasmatic reticulum (ER) (reviewed in Heinlein, 2002) . The 126-kDa protein alone was shown to associate with the ER (Dos Reis Figueira et al., 2002) . It furthermore co-aligns and moves along actin filaments during virus infection and in the absence of other virus proteins (Liu et al., 2005) . The role of the replicase proteins in cell-to-cell movement therefore might be to attach to the microfilament array to allow intracellular movement to the cell wall/ plasmodesmata (Liu et al., 2005) .
In contrast, the mechanisms and interactions underlying long-distance movement are less understood. TMV replicase proteins appear to be involved, as hybrid viruses with heterologous combinations of replicase, MP and CP, accumulate in inoculated leaves, but fail to move long-distances (Atabekov et al., 1999; Deom et al., 1997; Hilf and Dawson, 1993) . Furthermore mutations within the replicase proteins reduce cell-to-cell and/or long-distance movement (Derrick et al., 1997; Goregaoker et al., 2001; Nelson et al., 1993) .
To dissect the replicase and movement functions of the 126-/ 183-kDa replicase protein, we studied accumulation and movement of TMV dRNAs (Knapp et al., , 2005 ). The artificially constructed TMV mutant 183F, which does not express the 126-kDa protein due to replacement of the amber stop codon with a Phe codon , reverted and formed dRNAs de novo in plants. Each of the de novo dRNAs characterized contained a stop codon for the wild-type 126-kDa protein ORF , suggesting that there was selection in planta for dRNAs that expressed the intact 126-kDa protein. To further dissect the role of the 126-kDa protein in dRNA accumulation and movement, we artificially engineered dRNAs that encoded portions of the MT, but lacked the HEL and POL domains of the replicase and portions of the MP ORF. These dRNAs were dependent on a helper virus to provide wild-type replicase for in trans replication and MP for movement Dawson, 1998, 2000; Knapp et al., , 2005 . In addition, these dRNAs required CP and encapsidation for accumulation and/or cell-to-cell movement in N. benthamiana, in contrast to the full-length viral RNA (Knapp, unpublished) . This finding was significant because it established the system to examine this type of TMV dRNAs in plants. The dRNAs required expression of approx. 50% of the MT domain for efficient cell-to-cell movement into all non-vascular tissues of N. benthamiana. In contrast, expression of additional MT sequences (up to 90%) mainly confined cell-to-cell movement of the dRNAs to the epidermal and palisade mesophyll cells (Knapp et al., 2005) .
The current study compared dRNAs, encoding different amounts of the MT domain for their ability to enter the vasculature and, move through and exit from the vasculature into upper leaves. Modification of the MT domain sequences altered the efficiency of long-distance movement of the dRNAs. dRNAs, that predominantly failed to accumulate in systemic tissues, were detected in some bundle sheath cells but not in phloem parenchyma of class V veins, whereas, dRNAs with only ∼50% of the MT domain efficiently moved into bundle sheath and phloem parenchyma cells.
Results dRNAs, tools to study the roles of replicase sequences in long-distance movement To independently study the role of the MT domain in longdistance movement, we used the bipartite TMV-dRNA system described in Knapp et al. (2005) (Fig. 1A) . Briefly, dRNA ΔCla151 has an internal deletion of nts 1344-5179, retaining coding capacity for the N-terminal 425 amino acids of the 126-/ 183-kDa protein (encoding 90% of the MT domain), plus 34 non-viral amino acids derived from an out-of-frame junction with MP sequence. A series of mutants of this dRNA was created that encoded smaller portions of the MT domain but were otherwise almost identical in sequence. dRNA AvrstopCla151 is a ΔCla151 derivative that has a stop codon at position 75-77, which terminates the replicase protein after 2 amino acids (Fig. 1A) . AvafsCla151, HincfsCla151 and XbafsCla151 are frameshift derivatives of ΔCla151, that encode 64, 258, 311 amino acids, respectively, of the MT domain. Their predicted translation products also contain the C-terminal fusion of 11, 10, and 1 non-replicase amino acids, respectively (Fig. 1A) . dRNA ΔHinc151 lacks MT domain sequences between nts 842 and 1343. Despite the difference in MT domain sequences retained, ΔHinc151 encodes the same N-terminal 258 amino acid residues of the 126-/183-kDa replicase protein (∼ 50% of the MT domain) as HincfsCla151, but it has a C-terminal fusion of 33 non-viral amino acids that are identical to those in ΔCla151.
dRNA AvafsHinc151 has the ΔHinc151-replicase ORF disrupted after 64 codons and a fusion of 11 non-replicase amino acids following the frameshift, identical to those in AvafsCla151 (Fig. 1A) . S3-28, a TMV derivative with a precise deletion of the CP ORF (Dawson et al., 1988) was used as helper virus (Knapp et al., , 2005  Fig. 1A ). The CP, required for accumulation/cell-to-cell movement of the dRNAs (Knapp, unpublished) was expressed from dRNAs. All dRNAs contained the origin of assembly (Knapp et al., 2005;  Fig. 1A ).
ΔCla151 and derivative dRNAs predominantly fail to move long distances in N. benthamiana
To test for long-distance movement, total RNA was extracted from symptomatic non-inoculated upper leaves 10-15 d.p.i. and analyzed by Northern blot hybridization (Fig. 1B) . ΔCla151 occasionally moved long-distances into upper leaves, but erratically. ΔCla151 accumulated in upper non-inoculated leaves in 3 of 33 co-infected N. benthamiana (Table 1) . dRNAs AvrstopCla151, AvafsCla151 or XbafsCla151 were not detected in upper non-inoculated leaves (Fig. 1B , Table 1 ). Accumulation of HincfsCla151 in systemic tissue was detected in 1 of 13 co-infected plants (Table 1) . ΔCla151 progeny RNAs were amplified by RT-PCR from total RNA extracted from upper non-inoculated leaves at 6 or 13 d.p.i. of two of the systemically infected plants. Sequence analysis showed that some of the ΔCla151 progeny cDNAs had 5′ UTR and replicase sequences that were identical to those of the parental ΔCla151 used to inoculate the plants (data not shown). In vitro transcripts of ΔCla151 progeny cDNAs were tested in protoplasts. ΔCla151 progeny that had mutations within the sequenced regions were not replicated by S3-28, suggesting that these progeny acquired the mutations after they accumulated in upper leaves (data not shown).
The helper virus S3-28 was present in all symptomatic upper leaves tested, whether inoculated alone or in combination with a dRNA (Fig. 1B, Table 1 ). These data suggest that the presence of replicase proteins provided by the helper virus did not rescue the defect in systemic accumulation of ΔCla151or its derivative dRNAs.
In conclusion, in the majority of plants analyzed, ΔCla151 and its derivatives were unable to move long distances probably due to inability to enter and/or exit the vasculature.
More effective long-distance movement by ΔHinc151 dRNAs
In contrast to ΔCla151, ΔHinc151 was detected in upper non-inoculated leaves in 22 of 38 co-infected plants (Fig. 1C , Table 2 ). Its frame-shifted derivative AvafsHinc151 was not detected in systemic leaves of nine co-infected plants (Fig. 1C and data not shown). Inoculated leaves of plants that were positive for ΔHinc151 accumulation in systemic tissues contained less or similar levels of ΔHinc151 (+)RNA compared to plants that were negative for ΔHinc151 (+)RNA accumulation within systemic tissue (Fig. 1C, compare lane 1 and 3 ). These data suggest that lack of dRNA accumulation in systemic leaves was not due to decreased levels of ΔHinc151 accumulation within the inoculated leaves.
ΔHinc151 progeny RNAs were amplified by RT-PCR from total RNA extracted from upper non-inoculated leaves of two coinfected plants at 12 or 13 d.p.i. Full-length ΔHinc151 progeny clones were sequenced and in vitro transcripts thereof were tested in protoplasts and plants. The replicase sequences of one clone were identical to the parental ΔHinc151, whereas three other ΔHinc151 progeny clones (termed G255RΔHinc151) contained a G to A mutation at nt 831 that resulted in a glycine to arginine substitution at position 255. G255RΔHinc151 was replicated by S3-28 in protoplast similarly to the parental ΔHinc151 (data not shown). The frequency of accumulation of G255RΔHinc151 in systemic leaves was significantly higher than that of ΔHinc151 (Table 2) .
In summary, ΔHinc151 and G255RΔHinc151 were superior in establishing a systemic infection in N. benthamiana compared to ΔCla151 (Table 2) . Again, the helper virus was present in systemic leaves of all ΔHinc151 infected plants, but did not rescue deficiency of systemic ΔHinc151 accumulation in some of the plants.
Modification of dRNA-encoded MT domain affects long-distance movement
We next tested whether modification of MT domain sequences would affect accumulation of ΔCla151 or ΔHinc151 within upper non-inoculated leaves. The replicase ORF of ΔCla151 and ΔHinc151 was precisely terminated with a UAA stop codon after amino acid 425 and 258, respectively, to create dRNAs ΔClaUAA151 and ΔHincUAA151. An 11 amino acid epitope from Herpes simplex virus (HSV) glycoprotein D (Sakai et al., 1996) was fused to the C-terminus of the MT domain of ΔCla151 and ΔHinc151 to create dRNAs ΔClaHSV151 and ΔHinc-HSV151. G255R was substituted into pTMVΔCla151 to create G255RΔCla151. Each of the modified dRNAs accumulated in protoplasts and in inoculated N. benthamiana leaves to levels similar to those of their respective controls ΔCla151 or ΔHinc151 (Knapp et al., 2005, Fig. 2 and data not shown) . The frequency of accumulation in upper non-inoculated leaves of ΔClaUAA151, ΔClaHSV151 or ΔHincUAA151 co-infected with S3-28 was not significantly different compared to the S3-28 plus ΔCla151 or ΔHinc151 controls (Table 2) . ΔHincHSV151 or G255RΔCla151 accumulated in systemic tissues in 3 of 12 co-infected plants and thus differed significantly from their respective controls (Table 2) .
In summary, C-terminal fusion of the HSV epitope to the ΔHinc151 MT ORF had a negative, whereas substitution of G255R into the ΔCla151 MT ORF had a positive effect on systemic accumulation of the resultant dRNAs in N. benthamiana.
Lack of long-distance movement of dRNA was correlated with failure of the dRNAs to move into petioles or stems
To study whether dRNAs entered the vasculature, we monitored dRNA movement from the inoculated leaves into petioles or stems. Serial sections from petioles and from stems above and below the inoculated leaves were blotted onto membranes that were incubated with CP antiserum. This assay permitted detection of dRNAs, because the CP was expressed from the dRNAs. ΔHinc151 accumulated in petioles and stem sections above and below the inoculated leaves in plants that were positive for ΔHinc151 accumulation in systemic leaves (Fig. 3) . Purple staining indicated dRNA accumulation within the epidermis, parenchyma, vascular and pith tissues. Heavily infected sections of petioles and stems displayed a uniform CP distribution pattern in all tissue types (data not shown), whereas less infected sections also contained green uninfected sectors (Figs. 3A, B) . In contrast, none of the immuno-tissue blots of petioles and stem sections from plants, in which ΔHinc151 failed to accumulate in systemic leaves, displayed purple staining (Fig. 3C , and data not shown), nor did immuno-tissue blots with petioles and stem samples from dRNAs such as ΔClaHSV151 (data not shown). In summary, dRNAs that failed to accumulate in systemic leaves did not enter sieve elements or did not exit them in the inoculated leaves and thus were not detected in petioles or stems of N. benthamiana.
Entry of dRNAs into class V veins
In our previous dRNA study, we found that ΔHinc151 cellto-cell movement was superior to that of ΔCla151. ΔCla151 was mainly confined to the upper epidermis and palisade mesophyll cells (Knapp et al., 2005) . To determine whether lack of systemic dRNA accumulation was due to inhibited cell-to-cell movement and/or due to inability to enter the vasculature, we monitored dRNA accumulation within class V veins. A class V vein had four bundle sheath, three phloem parenchyma, three companion cells, two sieve elements and one to three xylem cells. S3-28 plus ΔCla151-or ΔHinc151-infected tissues from inoculated leaves of N. benthamiana were processed at 6-10 d.p.i. for light and electron microscopy. Thin sections of fixed and embedded tissues were probed with polyclonal CP antiserum. Wild-type TMV-infected N. benthamiana tissues were processed as a control (Knapp et al., 2005) . TMV spread Fig. 3 . Movement of ΔHinc151 from inoculated leaves into petioles and stems of N. benthamiana. Petioles and stems above and below the inoculated leaves were serially sectioned and blotted onto membranes. Blots were probed with CP antiserum, followed by incubation with alkaline-phosphatase conjugated antirabbit antibodies and developed with BCIP/NBT substrate as described (Knapp et al., 1995; . (A) ΔHinc151 accumulation in a petiole and (B) the stem of a plant that was positive for systemic ΔHinc151 accumulation. (C) Lack of accumulation of ΔHinc151 in the stem of a plant that was negative for systemic ΔHinc151 accumulation. Blots were photographed using a Leica Wild M3Z microscope. E, epidermis; P, parenchyma; PT, pith tissue; V, vasculature. into all 23 class V veins analyzed and was detected within 84.7% of the bundle sheath cells, 65.2% of the phloem parenchyma and within 10.1% of the companion cells (Fig. 4A) . It was also detected within a few xylem cells but not within sieve elements.
We compared helper virus plus dRNA induced infection foci in sections from plants negative or positive for systemic dRNA accumulation. S3-28 plus ΔCla151 or ΔHinc151 formed infection foci in the inoculated leaves characteristic for either dRNA (Knapp et al., 2005) , irrespective of whether systemic dRNA accumulation occurred.
Tissue sections from a plant that was negative for systemic ΔHinc151 accumulation contained 17 ΔHinc151-induced infection foci. Fifteen of these infection foci comprised or were adjacent to a class V vein, but the ΔHinc151 infection progressed only into 11 veins. In three class V veins, ΔHinc151 had entered bundle sheath and phloem parenchyma cells; an accumulation pattern which resembled that of TMV in the majority of the class V veins (Figs. 4A, B) . In the remaining eight veins ΔHinc151 was restricted to bundle sheath cells. ΔHinc151 was also detected in a limited number of xylem cells. Electron microscopy of selected sections including the vein shown in Fig. 4B corroborated that companion cells and sieve elements of ΔHinc151-infected class V veins did not contain gold-labeled CP even adjacent to heavily infected phloem parenchyma and bundle sheath cells (data not shown). The accumulation patterns of ΔHinc151 in samples derived from plants that were positive for ΔHinc151 systemic accumulation were similar to those from plants negative for ΔHinc151 systemic accumulation (data not shown).
Ten of seventeen ΔCla151 infection foci from plants in which ΔCla151 did not accumulate systemically, contained infected cells adjacent to class V veins. Only five of the ΔCla151 infections progressed further into bundle sheath cells of class V veins. It is noteworthy that class V veins can be accessed via palisade or spongy mesophyll cells. Although ΔCla151 moved into bundle sheath cells it was not detected in other cell types of these veins (Figs. 4C, D) . Electron microscopy of some sections that were analyzed by light microscopy confirmed the vascular accumulation pattern of ΔCla151 (Fig. 5 and data not shown) . Samples from plants that were positive for systemic ΔCla151 accumulation contained 16 ΔCla151-induced infection foci. Only one of these infections progressed further into bundle sheath cells of class V veins (data not shown).
In summary, dRNAs that failed to accumulate in systemic leaves were able to enter class V veins in the inoculated leaves of N. benthamiana. ΔCla151 entered bundle sheath cells, whereas ΔHinc151 also accumulated in phloem parenchyma cells. (Ghoshroy and Citovsky, 1998) . Sections (1 μm) were probed with CP antisera, followed by anti-rabbit-IgG conjugated with 10 nm colloidal gold. Light micrographs were silver-enhanced and counterstained with methylene blue. TMV or S3-28 plus dRNA co-infected cells contain gray or black staining of mostly granular texture. (D) is a magnification of the class V vein shown in panel C. Arrows indicate localized accumulation of virus aggregates (grayish to black). BS, bundle sheath cell; C, companion cell; E, epidermis; P, phloem parenchyma cell; PM, palisade mesophyll; S, sieve element; SM, spongy mesophyll; X, xylem cell. Bar in panel A 100 μm, in panel B 50 μm, in panel C 100 μm and in panel D 10 μm. Fig. 4D . Ultrathin sections were immuno-labeled as described in Fig. 4 and stained with uranyl acetate followed by lead citrate. The arrowhead depicts rod-shaped particles. The arrow indicates gold labeling. Bar is 500 nm.
Discussion
Elucidation of the role(s) of the replicase proteins in the complex process of long-distance movement required novel approaches. The bipartite TMV-dRNA system used in this study allowed us to uncouple the role(s) of replicase domains in replication, cell-to-cell and long-distance movement of dRNAs. It was furthermore suitable to highlight and dissect the multiple steps that dRNAs take to enter the vascular system of N. benthamiana (Knapp et al., 2005 ; this study).
Remarkably, the presence of 126-/183-kDa proteins supplied by the helper virus did not rescue long-distance movementdeficient dRNAs suggesting that dRNAs required N-terminal replicase protein in cis for systemic accumulation. A similar requirement was observed for dRNA accumulation in protoplasts and dRNA cell-to-cell movement (Knapp et al., 2005) . Full-length TMV replication was also cis-preferential (Lewandowski and . These observations point to an interaction of dRNA-expressed replicase protein with its RNA template. Such interactions might be required to protect the RNA from host responses and in addition might contribute functions to the intracellular localization/movement of dRNAs. The 126-kDa protein is involved in intracellular localization and movement of TMV replication complexes (Dos Reis Figueira et al., 2002; Kawakami et al., 2004; Liu et al., 2005) . Transient expression of MT domain sequences fused to GFP under specific conditions resulted in formation of irregular bodies (Knapp, unpublished) , reminiscent of those reported for the 126-kDa protein that are implicated in intracellular localization/ movement (Ding et al., 2004; Dos Reis Figueira et al., 2002; reviewed in Heinlein, 2002; Kawakami et al., 2004; Liu et al., 2005) .
We showed that dRNAs, expressing a small portion of the MT domain (∼50%) (ΔHinc151), were more effective in both cell-to-cell and long-distance movement in N. benthamiana than dRNAs expressing most (90%) of the MT domain (ΔCla151). Both dRNAs were able to enter and exit the vasculature, but at a very disparate frequency. dRNAs that only encoded 64 N-terminal replicase amino acids failed to accumulate in non-inoculated upper leaves.
Systemic accumulation of the masked strain of TMV (Holmes, 1934) in N. tabacum is reduced and delayed compared to that of TMV (Nelson et al., 1993) . Its MT domain and adjacent non-conserved replicase region differ from that of TMV U1 by eight amino acids. Replicase amino acid substitutions from TMV U1 into the masked strain differentially affect systemic accumulation of the resultant mutants (M IC s) (Derrick et al., 1997; Ding et al., 2004; Liu et al., 2005; Shintaku et al., 1996) . Of the M IC s tested, M IC 325,367, which has TMV U1 MT amino acids at position 325 and 367, was the least able to move into systemic tissues of N. tabacum or N. benthamiana (Ding et al., 2004) . The inability of the TMV Rakkyo strain to systemically infect N. tabacum was mapped to the replicase and the 3′-UTR (Chen et al., 1996) . Interestingly, studies with TMV U1/Rakkyo replicase chimeras revealed that only the intact Rakkyo replicase is inhibitory to systemic accumulation. TMV U1 hybrids that contain the Rakkyo MT domain plus adjacent non-conserved replicase region or the Rakkyo helicase and polymerase domains move long-distances (Chen et al., 1996) . Together these findings suggest that successful establishment of systemic virus infections might depend on whether interactions between replicase domains are compatible.
The routes and mechanisms of viral entry, travel through and exit from the vasculature for long-distance movement are less well studied than the processes of cell-to-cell movement (Derrick and Nelson, 1999; Oparka and Santa Cruz, 2000; Waigmann et al., 2004) . dRNAs induced localized infection foci rather than a TMV-like uniform infection. This feature helped to discern the multiple steps that dRNAs took to access the vasculature. ΔCla151 infected a relatively low number of class V veins, suggesting inefficiency in entering the vasculature. It was detected in some bundle sheath cells of class V veins, but not in any of the adjacent phloem parenchyma cells (Figs. 4C, D) . Presumably, viruses move into bundle sheath cells via the cell-to-cell movement mechanism, whereas viral transport from bundle sheath cells to phloem parenchyma occurs by a different mechanism (Ding et al., 1992 (Ding et al., , 1996 Waigmann et al., 2004) , which could present an additional barrier. Some ΔHinc151 infections passed the bundle sheath/ phloem parenchyma boundary and accumulated to high levels in phloem parenchyma cells but still failed to accumulate systemically. The masked strain of TMV and M IC s accumulate similarly to ΔHinc151 in infected class V veins (Ding et al., 1996 (Ding et al., , 1998 (Ding et al., , 2004 .
Considering the above points, our data suggest that the ability of dRNAs to accumulate in systemic tissues was governed by factors in addition to those required for cell-tocell movement and might involve cell specific barriers. Such barriers might vary depending on the location of infection sites within a leaf. They might be due to differences in cell maturity, degree of cell specialization and thus availability of host factors favorable or unfavorable to virus invasion.
Materials and methods

Plasmid DNA
All constructs were built using standard recombinant DNA techniques (Ausubel et al., 1987) and are derivatives of an infectious wild-type TMV cDNA clone (Dawson et al., 1986) . pT7S3-28 has been described (Lewandowski and Dawson, 1998) ; pTMVΔCla151, pTMVXbafsCla151, pTMVHincfsCla151, pTMVAvafsCla151, pTMVAvrstopCla151, pTMVΔHinc151, pTMVAvafsHinc151, pTMVΔClaHSV151 and pTMVΔHincHSV151 have also been described (Knapp et al., 2005) .
KpnI-linearized pTMVΔCla151 was partially digested with HincII. pTMVG255RΔCla151 was built through insertion of the larger HincII/KpnI fragment into HincII/KpnI digested pTMVG255RΔHinc151.
pTMVΔCla151 was PCR amplified with forward primer T106 (5′-GCGCGGCGCCTAATACGACTCACTATAGTATT-TTTACAACAATTACCAACAAC-OH) which had a KasI restriction site (underlined), a T7 promoter (italics) followed by TMV nts 1-26 and reverse primer Hinc-UAA (5′-TCGAGTC-GACTTACAACTTGTCTCCATC-OH; complementary to TMV nts 828-842) which had an ochre stop codon (bold) at nts 843-45 followed by a SalI site (underlined). The DNA fragment was digested with XmaI and SalI and introduced into the similarly digested pTMVΔCla151 ) to build pTMVΔHincUAA151. A DNA fragment from nts 5179 to the 3′ end of pTMVΔCla151 was amplified with forward primer Cla-UAA (5′-AGTCGTCGACTTAAAAGGATGGAAAGA-OH) which contained a SalI site followed by a stop codon (bold) and M28 (Grdzelishvili et al., 2000) (containing a KpnI site and the complement of TMV nts 6381-6395). The DNA fragment was digested with SalI and DraIII and substituted into similarly digested pTMVΔCla150 ) to build pTMVΔClaUAA151.
Cloning of ΔCla151 or ΔHinc151 dRNA progeny from infected plants
Total RNA extracted from non-inoculated upper leaves of two S3-28/ΔCla151 or ΔHinc151 infected plants at 12 or 13 d. p.i. or 6 and 13 d.p.i., respectively, was used to clone ΔCla151 or ΔHinc151 progeny. Full-length RT-PCR products of ΔCla151 or ΔHinc151 progeny were amplified with primer T106 and M28 using the Titan one tube RT-PCR system (Boehringer Mannheim, Germany) as described . RT-PCR products were fractionated on 1% agarose gels. Full-length products were excised, purified and ligated into pGEM-T-Easy (Promega) plasmids.
In vitro transcription and inoculation of protoplasts and plants
In vitro transcripts of KpnI-linearized plasmid DNA were electroporated into N. tabacum cv. Xanthi suspension cells as previously described Lewandowski and Dawson, 1998) . Inoculation and harvesting of protoplasts was done as described (Knapp et al., 2005) . Pellets containing 1 × 10 6 cells each were disrupted in 30 μl 25 mM sodium phosphate, pH 7.0, and mixed with an equal volume of inoculation buffer (Dawson et al., 1986) . The lysate from one pellet was used to inoculate a single leaf of one N. benthamiana plant (Knapp et al., 2005) .
Analysis of viral RNA
Extraction of total RNA from protoplasts and Northern blot analysis with TMV-specific probes were as described . Symptomatic non-inoculated upper leaves of N. benthamiana were harvested at 10-15 d.p.i. and total RNA was extracted and analyzed by Northern blot analysis (Knapp et al., , 2005 .
Immunotissue blotting
Immunotissue blotting was conducted essentially as described (Knapp et al., 1995) . Serial sections from petioles and from stems above and below the inoculated leaves of N. benthamiana were blotted onto a nitrocellulose membrane (MSI, Westboro, MA). Polyclonal TMV CP antiserum (kindly provided by Dr. J.N. Culver, Univ. of Maryland Biotechnology Institute) was cross-absorbed with an extract of healthy N. benthamiana leaf tissue and subsequently used at a 1:100 dilution. Mouse anti-rabbit alkaline-phosphatase-conjugated secondary antibody (Sigma-Aldrich) was used at a dilution of 1:5000. Blocking, incubation, washes and chromogenic reaction were as described (Knapp et al., 1995) .
Immunohistology
Pieces of leaf tissue ca. 4 × 3 mm were taken randomly due to lack of visible symptoms from 7 to 11 different locations from within co-infected N. benthamiana leaves at 6-10 d.p.i. The leaf tissues were fixed for 4 h in 3% glutaraldehyde in 0.1 M potassium phosphate buffer (pH 7.2) at room temperature. The samples were washed twice in phosphate buffer for 5 min and post-fixed for 2 h in 2% osmium tetroxide. Samples were dehydrated prior to embedding in Durcupan ACM resin (Electron Microscopy Sciences, Hatfield, PA) (Ghoshroy and Citovsky, 1998) following the supplier's instructions. Approximately 10 consecutive sections (each 1 μm) were obtained from each embedded tissue sample. Selected samples were resectioned at a different location within the tissue. For each of the helper virus-dRNA movement phenotypes we had 5-8 tissue samples that contained co-infections. Sections were blocked in 1× PBS containing 5% bovine serum albumin and 1% Tween 20 for 1 h, then incubated overnight with cross-absorbed CP antiserum diluted 1:50. After three washes in blocking buffer for 15 min each, the samples were incubated for 3 h with antirabbit IgG labeled with 10 nm colloidal gold (Sigma-Aldrich) at a dilution of 1:25. Following three washes each in 1× PBS plus 1% Tween 20 and distilled water, the gold label was silver enhanced using the AURION R-Gent SE-EM system (Electron Microscopy Sciences). Finally, the sections were counterstained with diluted methylene blue and analyzed with a light microscope (Leica, Exton, PA).
Electron microscopy
Thin (100 nm) sections of fixed and embedded tissue (see above) were collected on formvar-coated nickel grids. Sections were immunolabeled as described above followed by uranyl acetate and lead citrate staining (Ghoshroy and Citovsky, 1998) . Electron micrographs were viewed with a Morgagni 268 transmission electron microscope (FEI Company, Hillsboro, OR).
